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Abstract

Recent high-resolution X-ray spectroscopic studies have revealed unusual oxygen line ratios, such as the high
O vII forbidden-to-resonance ratio, in several supernova remnants. While the physical origin is still under debate,
for most of them it has been suggested that this phenomenon arises from either charge exchange (CX) or resonant
scattering (RS). In this work, we report the high O VII G-ratio (1) and high O vill Ly3/Lya ratio (=0.2) found in
multiepoch XMM-Newton Reflection Grating Spectrometer observations of SN 1987A. The line ratios cannot be
fully explained by nonequilibrium ionization effects, CX, or RS. We suggest the absorption of foreground hot gas
as the most likely origin, which plays the major role in modifying line fluxes and line ratios. Based on this scenario,
we introduced two Gaussian absorption components at the O VII resonance line and the O VIII Ly« line and
constrained the optical depth of the two lines as 7o viy ~ 0.6 and 7o v ~ 0.2. We estimated the temperature as
kT. ~ 0.15 keV and the oxygen column density as No ~0.5 x 10'® cm ™ for the absorbing gas, which is consistent
with the hot interstellar medium in the Galactic halo. Neglecting this absorption component may lead to an
underestimation of the O abundance. We revised the O abundance of SN 1987A, which is increased by ~20%

>

compared with previous results. The N/O ratio by number of atoms is revised to be ~1.2.

Unified Astronomy Thesaurus concepts: X-ray astronomy (1810); Supernova remnants (1667); Interstellar

medium (847)

1. Introduction

High-resolution X-ray spectroscopy of supernova remnants
(SNRs) has provided us with profound insights into the
radiation mechanisms and chemical compositions of the
shocked ejecta, circumstellar material (CSM), and interstellar
medium (ISM), significantly advancing our understanding of
shock physics, progenitor type, explosion mechanism, and
remnant evolution (see, e.g., S. Katsuda 2023 for a recent
review). Particularly, the emission line ratios of He-like and
H-like ions, such as the O VII G-ratio and the O vIII Ly3/Lya
ratio, play an important role in the diagnostics of the
temperature and ionization age of hot plasmas (e.g., D. Porquet
et al. 2010). However, due to the complex nature of SNRs,
these line ratios can be affected by different physical processes.

Recently, unusually high O VI G-ratios (or forbidden-to-
resonance line ratios) have been found in several SNRs, such as
the Cygnus Loop (S. Katsuda et al. 2011; S. R. Roberts &
Q. D. Wang 2015; H. Uchida et al. 2019), Puppis A (S. Kats-
uda et al. 2012), N49 (Y. Amano et al. 2020), N132D
(H. Suzuki et al. 2020), G296.1—0.5 (Y. Tanaka et al. 2022),
and J0453.6—6829 (Y. Koshiba et al. 2022). While the
physical origin is still under debate, two major alternative
scenarios have been proposed, namely either charge exchange

(CX) or resonant scattering (RS).
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In the CX process, an electron is transferred from one atom
or ion to another. The newly captured electron will cascade
from a highly excited state to the ground level and result in a
series of emission lines. CX will boost the forbidden line of the
He-like triplet, thus leading to a large G-ratio (e.g., R. K. Smith
et al. 2012; L. Gu et al. 2016; L. Gu & C. Shah 2023). On the
other hand, RS will change the directions of the resonance
photons, which may suppress the observed resonance line flux
in some circumstances, depending on the geometry, and result
in a large G-ratio (e.g., Y. Li et al. 2024).

One of the other possible scenarios is the resonant absorption
of the foreground hot gas, which has not yet been investigated
in detail in the context of SNRs. A hot ISM component with a
temperature as high as ~0.15-0.22 keV has been found in the
Galactic halo based on its X-ray emission (e.g., D. B. Henley &
R. L. Shelton 2013; M. Ueda et al. 2022; G. Ponti et al. 2023).
The absorption features left by this hot Galactic ISM, such as
the O VII and O VIII absorption lines, have also been detected
in the X-ray spectra of several Galactic and Magellanic X-ray
binaries (e.g., Q. D. Wang et al. 2005; Y. Yao et al. 2008;
Y. Luo et al. 2018). Therefore, it is very likely that the
observed O line fluxes of SNRs, especially Magellanic SNRs,
are affected by this absorption component in the same way.

The study of O line ratios can help us to further explore the
role that CX, RS, and hot gas absorption play in the X-ray
spectral properties of SNRs. More importantly, if these effects
have not been properly considered in the X-ray analysis, the
measured metal abundances of the shocked ejecta/CSM/ISM
may be distorted, and thus any further discussions based on that
may be questioned.


https://orcid.org/0000-0001-9671-905X
https://orcid.org/0000-0001-9671-905X
https://orcid.org/0000-0001-9671-905X
https://orcid.org/0000-0003-2836-540X
https://orcid.org/0000-0003-2836-540X
https://orcid.org/0000-0003-2836-540X
https://orcid.org/0000-0001-5792-0690
https://orcid.org/0000-0001-5792-0690
https://orcid.org/0000-0001-5792-0690
https://orcid.org/0000-0003-0876-8391
https://orcid.org/0000-0003-0876-8391
https://orcid.org/0000-0003-0876-8391
https://orcid.org/0000-0001-7571-2318
https://orcid.org/0000-0001-7571-2318
https://orcid.org/0000-0001-7571-2318
https://orcid.org/0000-0002-4753-2798
https://orcid.org/0000-0002-4753-2798
https://orcid.org/0000-0002-4753-2798
https://orcid.org/0000-0002-4708-4219
https://orcid.org/0000-0002-4708-4219
https://orcid.org/0000-0002-4708-4219
https://orcid.org/0000-0002-5683-822X
https://orcid.org/0000-0002-5683-822X
https://orcid.org/0000-0002-5683-822X
mailto:l.sun@nju.edu.cn
http://astrothesaurus.org/uat/1810
http://astrothesaurus.org/uat/1667
http://astrothesaurus.org/uat/847
http://astrothesaurus.org/uat/847
https://doi.org/10.3847/1538-4357/adb0b5
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/adb0b5&domain=pdf&date_stamp=2025-03-04
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/adb0b5&domain=pdf&date_stamp=2025-03-04
https://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 981:120 (11pp), 2025 March 10

Located in the Large Magellanic Cloud (LMC), SN 1987A is
the nearest supernova (SN) observed since Kepler’s SN of
1604. It was a Type II explosion of a blue supergiant. The
peculiar CSM system of SN 1987A consists of three coaxial
rings—one equatorial ring (ER) and two side rings constituting
an hourglass-like structure. The SN blast wave encountered the
innermost layer of the ER at ~4000 days after the explosion, as
indicated by the brightening of several “hot spots” in the
optical band and the corresponding excess of the soft X-ray
flux (e.g., G. Sonneborn et al. 1998; D. N. Burrows et al. 2000;
S. S. Lawrence et al. 2000; S. Park et al. 2002). Soon after, the
front shock reached the main body of the ER at ~6000 days,
and has been heavily interacting with it since then (e.g., S. Park
et al. 2005; J. L. Racusin et al. 2009; E. A. Helder et al. 2013;
K. A. Frank et al. 2016), making SN 1987A one of the
youngest and brightest SNRs. The X-ray emission of SN
1987A is now dominated by the shock-heated plasma within
the ER, including dense clumps and interclump materials, with
a density ~10°~10% cm . On the other hand, the shocked low-
density HII region (~10%cm >), high-latitude materials
beyond the ER, and the outermost-layer ejecta also make
significant contributions (e.g., D. Dewey et al. 2012; S. Orla-
ndo et al. 2020; L. Sun et al. 2021; A. P. Ravi et al. 2024,
L. Sun et al. 2025). The small angular size (~2" e.g.,
J. L. Racusin et al. 2009) and high X-ray brightness
(~7.8 x 107 "Zergem ?s™' in 0.5-2.0keV; e.g., L. Sun
et al. 2021) of SN 1987A enable high-resolution X-ray
spectroscopic studies using X-ray grating spectrometers, which
have yielded fruitful results regarding the structure and
evolution of the remnant, the physical properties of the
shocked ejecta and CSM, the collisionless shock-heating
mechanism, and so on (e.g., S. A. Zhekov et al. 2009; R. Sturm
et al. 2010; D. Dewey et al. 2012; M. Miceli et al. 2019; L. Sun
et al. 2021). This also makes SN 1987A an excellent target in
studies of CX, RS, and hot gas absorption in SNRs.

Such studies rely on a comprehensive understanding of the
physical properties of the thermally emitting gas. Due to the
complex structure of the remnant, the shock-heated plasmas in
SN 1987A span a wide range of physical conditions (e.g.,
temperatures and ionization parameters), which have been
extensively revealed by previous studies via X-ray spectral
analysis (e.g., S. Park et al. 2004, 2006; F. Haberl et al. 2006;
S. A. Zhekov et al. 2006, 2009, 2010; K. Heng et al. 2008;
R. Sturm et al. 2010; D. Dewey et al. 2012; K. A. Frank et al.
2016; E. Bray et al. 2020; D. Alp et al. 2021; E. Greco et al.
2021, 2022; A. P. Ravi et al. 2021, 2024; L. Sun et al. 2021;
C. Maitra et al. 2022). As summarized by D. Alp et al. (2021,
see Table 6 therein), these works found plasma temperatures in
the range of ~0.5-4 keV, with a low-temperature component at
~0.5keV dominated by the dense ER, a high-temperature
component at ~2—4 keV dominated by the HII region and the
outermost ejecta, and in some of them a third intermediate-
temperature component at ~1 keV. The ionization parameters of
the plasmas, on the other hand, also span a wide range from
~10'-10" cm 3. Recently, L. Sun et al. (2025) obtained the
continuous temperature distributions of SN 1987A by fitting the
Reflection Grating Spectrometer (RGS) plus EPIC-pn spectra
with a differential emission measure (DEM) model. The
obtained temperature distributions reveal a major peak at
~0.6—1keV with a high-temperature tail extending to =5 keV,
well consistent with the magnetohydrodynamic simulations by
S. Orlando et al. (2020), which help to reveal the fading of the
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ER and the brightening of the shocked ejecta. Their results
provided one of the most accurate depictions of the X-ray
emission of SN 1987A, but still far from perfect. Since the DEM
model considered only the thermal emission from the none-
quilibrium ionization (NEI) plasmas, it is still worthwhile to take
a further look into the residuals that may provide information
about other mechanisms such as CX, RS, and hot gas absorption.

In this work, we extend the discussions in L. Sun et al.
(2025) by examining the residuals left by the DEM modeling at
O lines. We describe the observations and the reduction
procedures in Section 2, revise and update the O line fluxes and
line ratios in Section 3, explore the physical origin of the
unusual O line ratios in Section 4, and finally make our
conclusions in Section 5.

2. Observations and Data Reduction

We utilized the same data set adopted in L. Sun et al. (2025),
which contains XMM-Newton observations collected in 14
epochs from 2007 to 2021. All the data were processed using
the XMM-Newton Science Analysis Software (SAS, v18.0.0)
with the latest calibration files.® We extracted the EPIC-pn and
RGS spectra following L. Sun et al. (2021). The spectra were
then optimally rebinned, adopting the J. S. Kaastra &
J. A. M. Bleeker (2016) optimal binning scheme. Due to the
small angular size, SN 1987A cannot be spatially resolved by
XMM-Newton, and thus was treated as a point-like source.
Thereby, the extracted spectra represent the integrated X-ray
emission from the whole remnant, and the RGS spectral
resolution (~2 eV at ~0.6 keV for O lines) will not be affected
by the source extent.

Unless otherwise specified, in this paper the metal abundances
are presented with respect to their solar values (J. Wilms et al.
2000), and the error bars represent the 1o uncertainties.

3. Oxygen Line Ratios

The X-ray spectra of SN 1987A have been extensively
analyzed based on different observations with different spectral
models (e.g., S. A. Zhekov et al. 2009; M. Miceli et al. 2010;
D. Dewey et al. 2012; D. Alp et al. 2021; A. P. Ravi et al. 2021;
L. Sun et al. 2021; C. Maitra et al. 2022). Recently, L. Sun
et al. (2025) successfully fitted the X-ray spectra of SN 1987A
using a DEM model and provided significantly improved
results (fit statistics) compared with the previous discrete
models (e.g., a two-temperature model as in L. Sun et al. 2021).
With the DEM model, L. Sun et al. (2025) characterized the
continuous distribution of the X-ray gas in SN 1987A in a
temperature range of 0.1-10 keV. They assumed a power-law
relation between the ionization parameter and the plasma
temperature, and an identical metal abundance among different
temperature components. Their results revealed a major peak in
the DEM distribution at ~0.5-1 keV, with a high-temperature
tail extending to =>5keV. Here, we adopted their best-fit
models and compared them with the RGS spectra of SN
1987A. We found that the DEM models still leave some
residuals in the fitted spectra. The most prominent residual
features are lying in the O VII triplets and the O VIII Ly« lines,
where the model overestimated the O VII resonance line and the
O vIII Ly« lines while underestimating the O VII forbidden line
(Figure 1).

6 https: //www.cosmos.esa.int/web/xmm-newton/sas


https://www.cosmos.esa.int/web/xmm-newton/sas

THE ASTROPHYSICAL JOURNAL, 981:120 (11pp), 2025 March 10 Sun et al.
no e
_Io 0.061 Hea DEM model - gauss
>
i)

- 0.044

§ 0.02

3

© 000 ‘ Pt ttotoliial 0 Vel i

E 2'(5)}.., Hy ++4*thg};+ﬂlll s mu_.. .1.}{HIIM m”lM!lJllllthIuH!ullunltlﬂdﬂl,ﬂlil ﬂ.ﬁqll.'l.hmli... il M{IMH!MIIMMIL.ML

I LA LAY il Hmffw'pfuumwﬂ'n U ek ol
055 0.65 0.70 0.75 0.80 0.85

Energy (keV)

Figure 1. An example of the O-emitting band spectra of SN 1987A fitted with the DEM model (L. Sun et al. 2025). The major O lines are labeled. The red boxes
highlight the major residuals left in the DEM modeling, where the model overestimated the O VII resonance line and the O VIII Ly« lines while underestimating the O
VII forbidden line. The two subplots show a zoomed-in view of O VII Hear and O VIII Lya, fitted with the “nlapec 4+ Gauss” model.

Table 1
Oxygen Line Fluxes and Ratios of SN 1987A

Obs. Date Age (Days) Line Flux (10> photon cm s~ ") Line Ratio

O v f O VIl i Oovir O vl Lya O vi Lys G-ratio LyS/Lya

(0.5611keV)  (0.5686keV)  (0.5740 keV) (0.6537 keV) (0.7746 keV)

2007 Jan 17 7267 12647334 1264393 1491718 34.474% 6.887 08 0.93792¢ 0.20500
2008 Jan 11 7627 15.067233 428138 18.037314 4324122 776703 1.07 + 0.27 0.18 + 0.01
2009 Jan 30 8012 18.07f,‘_2’f 581713 14.32429 45.63t?_§§ 10.07t8_22, 1.67°9% 0.2273%
2009 Dec 11 8327 13.65779% 3.66 )18 14.097338 49.0173%9 10.200¢2 123708 0217008
2010 Dec 12 8693 16.6973%3 0327253 14.26239 52227939 11.497)28 1.19t8_§‘f 0.2273%
2011 Dec 2 9048 14.08%33) 4234443 12.32+418 51077137 12377028 1.497927 0.2479%
2012 Dec 11 9423 14.007233 <3.28 11.0973:9 48.577043 12.09%528 1.26794¢ 0.251001
2014 Nov 29 10141 761532 6.957388 13.883{?2 37. 28*?:(7)3 9.3150:32 10538 0.25t8}8§
2015 Nov 15 10492 1754279 5.60125 8.87173 35754133 7.141078 0.83*+571 0.20+392
2016 Nov 2 10845 5691183 1424139 10664343 372240 2% 8.03 044 0.67+93¢ 0224093
2017 Oct 15 11192 7574330 3415199 7.93318 28.93+14] 7.84+032 1384038 0275003
2019 Nov 27 11964 <0.22 5.19:5?2 473404 25877939 7054033 1.10719 0.27+95%
2020 Nov 24 12328 <2.86 562733 7484328 30714182 6.55+132 0.7979%¢ 021739
2021 Dec 28 12727 3.49718¢ <1.48 <3.33 22.68 + 1.51 42275 0.19 £ 0.04

L. Sun et al. (2021) measured the fluxes of 36 emission
lines in the X-ray spectra of SN 1987A and followed
their evolution from 2007 to 2019 by fitting the RGS spectra
with a model containing one continuum (described by the
nlapec model, which includes the thermal bremsstrahlung,
the radiative recombination continua, and the two-photon
emission) plus multiple Gaussian lines (described by several
Gauss components).7 Here, we revised and updated their
results by applying the same procedure to the updated data
set, which contains two additional observations taken in 2020
and 2021. We measured the fluxes of the most prominent O
lines (i.e., the forbidden, intercombination, and resonance lines
for O VII, and the Lya and Lyg lines for O VvIII). Based on
these updated line fluxes, we calculated the O VI G-ratio
(defined as G = (F + I)/R, where F, I, and R stand for the flux
of the forbidden, intercombination, and resonance lines,
respectively) and the O VIl Ly3/Lya ratio for SN 1987A

https: / /heasarc.gsfc.nasa.gov/xanadu/xspec/manual /
XSmodelNlapec.html

from 2007 to 2021. The line fluxes and ratios are summarized
in Table 1. Given the complex structure of SN 1987A
(as described in Section 1), one should keep in mind that
different components of the remnant, such as the shocked ER,
H 1 region, high-latitude materials, and outer-layer ejecta,
contribute to the O lines simultaneously. Thereby, the O line
fluxes and ratios measured here represent the average properties
of all these components with a large range of physical
conditions.

For collisional ionization equilibrium (CIE) or NEI (under-
ionized) plasma, the O VI G-ratio is commonly in the range of
~0.5-1, varying with temperature and ionization parameter,
while O VIII Ly3/Lyc is commonly in the range of ~0-0.15,
varying with temperature (e.g., R. Mewe 1999; J. S. Kaastra
et al. 2008; D. Porquet et al. 2010, and see the discussions in
Section 4.1). However, according to the above results, we
found a high O VII G-ratio 21 and a high O vIII Lyg to Ly«
ratio 0.2 in SN 1987A, especially in the epoch from 2009 to
2012 when the O lines were around their maximum luminosity
(Figure 2).
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Figure 2. O line ratios and their temporal evolutions in SN 1987A. The blue and red data points denote the O VI G-ratio and the O VIl Ly3/Lyc« flux ratio,
respectively. The gray underfilled curve indicates the temporal evolution of the total O line flux (O Vil Hea 4+ O VIII Lya).

We note that the measured O VIII Lyg flux may be affected
by Fe L lines, such as the contribution from the Fe XVIII F6 line
(25°2p*357P3/» — 2572p°*P3 5 at 0.775 keV, line label adopted
from G. V. Brown et al. 1998), which may lead to an
overestimated O VI LyS/Lya ratio. The soft-band X-ray
emission in SN 1987A is dominated by a low-temperature
plasma component with k7. ~ 0.6keV and n.t ~ 10" ecm ™ s,
according to previous studies (e.g., R. Sturm et al. 2010; D. Alp
et al. 2021; A. P. Ravi et al. 2021; C. Maitra et al. 2022). Under
this condition, we calculated the emissivities of O VIII Ly and
Fe XvIII F6, and found the relative contribution of the Fe XVIII
F6 line (epe/(€ps + €1y3)) to be ~17%. Nevertheless, the O and
Fe L emission could be contributed by plasma that spans a
larger range of temperatures and ionization parameters, as
shown in L. Sun et al. (2025). We then explored a larger
parameter space, where the temperature varies between 0.3 and
3keV and the ionization parameter varies between 10'' to
10'cm™*s. The obtained emissivity-weighted —average
contribution of the Fe XVIII F6 line is ~25%. As a result, we
believe the O VII LyS/Lya ratio measured above might be
overestimated by a factor of ~0.3 due to the potential
contribution of Fe XVIII F6. However, even after correcting
this effect, the O viIl LyS/Lya will still be =0.15, which is
difficult to fully explain with the common CIE/NEI plasma
models (see the discussions in Section 4.1).

4. Physical Origin of the Unusual O Line Ratios

As mentioned in the introduction, a high O VII G-ratio has
been observed in several SNRs. Despite efforts to understand
its origin, it remains unclear whether the primary mechanism
responsible is NEI effects, CX processes, RS, or absorption by
foreground hot gas. We discuss these possibilities below.

4.1. NEI Effects

The NEI effects of plasmas may either enhance (e.g., at the
early stage of ionization when the inner-shell ionization of Li-
like ions is boosted due to a large population of Li-like ions,
which enhances the forbidden lines) or suppress (e.g., during
the ionizing process when populations of Li-like and H-like
ions are both low, and thus the inner-shell ionization and the
recombination processes are quenched, which suppresses the
forbidden lines) the G-ratio of He-like ions compared with that

in the CIE scenario (see, e.g., D. Porquet et al. 2010, for a
detailed review). For SN 1987A, it is clear that the majority of
X-ray plasma is in the NEI state, i.e., still ionizing (e.g.,
R. Sturm et al. 2010; L. Sun et al. 2021). However, even
though previous studies such as L. Sun et al. (2025) have used
NEI plasma models for spectral fitting, it is still possible that
these models fail to reproduce the line ratios due to the limited
model setup and simplified parameter configurations. There-
fore, we first explored the possibility of reproducing the
observed O VII G-ratios within the NEI regime.

We evaluated the O VII G-ratio in a large kT.—n.t space, as
illustrated by Figure 3 (the calculations were performed using
SPEX v3.07.03).2 We found that the observed O VII G-ratio in
SN 1987A can only be reproduced in extreme conditions, i.e.,
at a very low temperature (k7. < 0.1 keV) or at the very early
ionization stage (nt ~ 10’ cm > s). However, at a very low
temperature, even though the high G-ratio can be achieved, the
O VII lines are rather faint (<1% of their maximum flux).
Thereby, the contributions of these low-temperature plasmas
can be ignored. On the other hand, since the average density of
SN 1987A is pretty high (>10° cm ; e.g., L. Sun et al. 2021),
the plasma will quickly go through the n.t ~ 10° cm ™ s stage,
and move into n.t ~ 10" 12¢cm 3, Thus, the contributions of
these low-n.t plasmas are also negligible.

In a word, the observed O VI G-ratio cannot be fully
explained under the NEI regime. This can be further
demonstrated by taking other line ratios into consideration.
As shown in Figure 4, by plotting the observed Ly« /Hex ratio
together with the G-ratio in the kT.—n.t diagram, we found that
the two line ratios are not consistent with each other—there is
no [kT., n.t] combination that can reproduce both the O VII
G-ratio and the Lya/Hea ratio simultaneously. However, this
inconsistency is only seen for O, while for Ne and Mg the two
ratios provide reasonable estimations for the plasma temper-
ature and ionization parameter as k7, ~ 0.4—1keV and
net ~ 10""-10"2cm™>s. These are comparable with previous
results, such as the low-temperature (~0.4 keV) and middle-
temperature (~0.8 keV) components of the three-temperature
(3-T) vnei modeling in E. Greco et al. (2022), representing
the X-ray emission dominated by the shocked ER.

8 https: //www.sron.nl/astrophysics-spex /
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Figure 3. Left: O VII G-ratio as a function of k7, and n,t for ionizing NEI plasma. The observed G-ratio for SN 1987A is indicated by the cyan contours, where the
dashed line denotes the average value and the dotted lines indicate the error range. The shaded contour regions indicate the levels of total O VII Hea flux as <10%,
<1%, and <0.1% of the maximum flux, respectively. Right: O VIII Ly3/« ratio as a function of kT, for both NEI and CIE plasma (NEI effects have little impact on
the Ly3/Lya ratio, which is similar to that in the CIE scenario). The blue solid line denotes no CX contribution, while the dashed, dotted, and dashed—dotted orange
lines denote 50% CX contribution with a collision velocity of 100 km s", 500 km s’l, and 1000 km s’l, respectively. The observed flux ratio for SN 1987A is

indicated by the red region.

Overionized (recombining) plasma may also lead to
enhanced G-ratios. However, this is unlikely to be the case
for SN 1987A, since no other recombination features (such as
radiative recombination continua) have been observed.

NEI effects have little impact on the Ly3/Lyc ratio, which is
similar to that in the CIE scenario as a function of temperature
(Figure 3). Therefore, the high O LyS/Lya ratio cannot be
explained in the NEI regime either.

4.2. Charge Exchange

The CX process involves an electron transferring from one
atom or ion to another. Specifically, the CX relevant to X-ray
astrophysics usually refers to a donor H/He atom colliding
with a highly ionized ion (e.g., O, O"™®). During the collision,
an electron may be transferred from the atom to the ion, and
recombined to a highly excited state, which will then cascade to
the ground level and result in a series of emission lines in the
X-ray spectrum. In the case of charge exchanged to a H-like O
ion (H+ O — H" 4+ O™®), the emission of the recombined,
excited O ion is dominated by a bright O VII forbidden line,
which will lead to a large G-ratio (e.g., R. K. Smith et al. 2012;
L. Gu et al. 2016; L. Gu & C. Shah 2023).

At the outermost layer of an SNR, the upstream neutral
atoms will pass through the shock front and interact with the
downstream hot ions, which provides a promising site for CX
to take place. Observational evidence of CX emission has been
found in the optical band for many SNRs as the broad-line
component in Balmer-dominated (nonradiative) shocks (e.g.,
Tycho, SN 1006, Cygnus Loop, RCW 86, SNR 0509-67.5;
R. Kirshner et al. 1987; P. Ghavamian et al. 2001; E. A. Helder
et al. 2010). However, in X-rays, there are only a few cases
that have been indicated (e.g., Cygnus Loop, Puppis A,
G296.1-0.5; S. Katsuda et al. 2011, 2012; S. R. Roberts &
Q. D. Wang 2015; Y. Tanaka et al. 2022). Evidence of X-ray
CX emission has been found in other (but relevant)
astrophysical environments, such as at the interface between
old overlapping SNRs and molecular clouds (e.g., in the Carina
and 30 Doradus star-forming complexes; L. K. Townsley et al.
2011b, 2011a, 2024). We then explored whether CX may help
to explain the observed line ratios in SN 1987A.

We added a CX component (described by the vacx2 model
in PyXSPEC) to the DEM model adopted in L. Sun et al.

(2025), in order to see whether it could improve the spectral
fits. We fixed the collision velocity as 500kms™', while
leaving the plasma temperature and normalization free to vary.
We fitted the SN 1987A spectra in all epochs with this model
including CX emission. However, we only found considerable
improvement in the C statistics in one observation (observation
ID 0556350101 taken in 2009 January), for which we got
AC = —13.5 with Adof = —2. For other observations, this
model provides no significant improvements to the fitting
(AC ~ —1.8 with Adof = —2). The CX emission may arise
from plasmas with different collision velocities and tempera-
tures. We have investigated this effect by changing the
collision velocity from 50 to 1000kms~' and by adding
another vacx2 component with different temperatures, while
the resulting C statistics show little changes.

The major problem of the CX scenario is that it cannot
explain the enhanced Ly(3/Lya ratio, i.e., the suppressed Ly«
flux. On the contrary, the O VII Ly« line should also be
boosted by CX, as long as there are enough O™ ions. In order
to quantify the effects of CX emission on Ly83/Lya, we
calculated the O VIII Ly« and Lyg fluxes and derived the line
ratios under the CX scenario. We explored a large parameter
space, where the plasma temperature varies in the range of
0.1-10keV and the collision velocity varies in the range of
50-1000kms~'. We found that the O VII Ly3/Lya ratio
mainly depends on the collision velocity, where the line ratio
decreases from ~0.128 to ~0.098 with the collision velocity
increasing from 50 to 1000kms~'. Given a certain collision
velocity, the line ratio shows no significant variation with the
varying temperature. Assuming a contribution of CX emission
as high as 50% to the total O VIII emission, it will slightly
increase the line ratio at low temperatures while slightly
decreasing the line ratio at high temperatures (as seen in the
right panel of Figure 3). However, in general, the expected
LyS/Lya ratio is still <0.15 and thus cannot explain the
observations.

4.3. Resonant Scattering

In modeling the X-ray emission of SNRs, it is commonly
assumed that the plasmas are optically thin. However, this may
not be the case under certain conditions, especially for the
emission from resonance lines. The photon emitted from a
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adopted from E. Greco et al. (2022).

resonant (allowed) transition can be efficiently (characterized
by a larger cross section than forbidden transitions) absorbed
by a suitable ion through resonant absorption. And for a
resonant absorption from n = 1 to n = 2, the excited state will
decay immediately by emitting a photon with roughly the same
energy, but in a random direction. Therefore, the resonant
absorption happening within the source is often referred to as
“resonant scattering,” since there is usually no reduction in the
number of resonance line photons. If the optical depth is large
enough (either due to a large length scale or a high density of
the source), RS may become significant and alter the resonance
line flux and its surface brightness distribution.

Sun et al.

In X-rays, RS effects have been mostly studied in the diffuse
hot plasma of elliptical galaxies, galaxy clusters, and galactic
bulges (e.g., H. Xu et al. 2002; Y. Chen et al. 2018; Hitomi
Collaboration et al. 2018; P. Chakraborty et al. 2023), for
which RS-modified line fluxes and surface brightness distribu-
tions have been used to infer the turbulent Mach numbers. As
for SNRs, there have been a few indications of the presence of
RS effects, including the enhanced O VII G-ratios observed in
DEM L71 (K. J. van der Heyden et al. 2003), the Cygnus Loop
(H. Uchida et al. 2019), and N49 (Y. Amano et al. 2020).
Despite the small size of SN 1987A, its rather high density
(~2400 cm* for the shocked ER; L. Sun et al. 2021) still make
it possible for the RS effects to be significant. Here, we first
make a rough estimation of the RS optical depths of the O vII
resonance line and O VI Ly« line in SN 1987A (RS has little
effect on the O VII forbidden and intercombination lines and O
VII Lyg, given their small oscillator strengths, i.e.,
~2.0 x 107'°, ~8.2 x 107>, and ~3.9 x 1072 respectively).

The optical depth of the resonant absorption (scattering) at
the line centroid can be evaluated as (J. S. Kaastra &
R. Mewe 1995)

1

424 x 10f NH,ZO("—‘) (—)( M )2

= nz ) \nu J \Tkev . (1)
EeV(l i 0.0522Mv3y, )i

Txev

where f is the oscillator strength of the line, Ng,o is the
hydrogen column density in units of 10°° cm™2, n; is the ion
density, nyz is the density of the element, ny is the hydrogen
density, M is the atomic weight of the ion, Ty is the ion
temperature in keV, E.y is the line centroid energy in eV, and
V100 1S the microturbulence velocity in units of 100 km s L
Adopting a distance to SN 1987A of 51.4kpc (N. Pana-
gia 2005), an angular size of ~2 (e.g., J. L. Racusin et al.
2009), a hydrogen density of ~2400 cm > (L. Sun et al. 2021),
an O abundance of ~0.18 solar abundance (e.g., L. Sun et al.
2021; E. Greco et al. 2022), a turbulence velocity of
~500km ™" (evaluated from the measured O VII line width
by R. Sturm et al. 2010), and a He-like O ion fraction of ~0.14
(taking kT, = 0.4keV and n.t = 10" ems; e.g., E. Greco
et al. 2022), we got an estimation of the O VII resonance line
optical depth as 7o vy ~2.4 and the O VIII Ly« optical depth as
TO VIII ~2.2.% Given the fact that the shocked gas in SN 1987A
spans a large range of physical properties, and considering the
uncertainties in previous studies, we then estimated a range of
the optical depths. For plasma with temperatures in the range of
0.3-1keV and ionization parameters in the range of
10"'-10"*cm ™ s (which may be the major plasma component
that contributes to O line emission), we got the optical depth of
the O VII resonance line in the range of ~0.01-5, with an
emissivity-weighted average value of ~2.7, and the optical
depth of O vII Lya in the range of ~0.01-2.3, with an
emissivity-weighted average value of ~1.3.

o Here, we assumed the O ion temperature is equal to the electron

temperature. It is possible that the ion temperature is much higher than the
electron/proton temperature (e.g., M. Miceli et al. 2019). However, even if we
take an O ion temperature as high as 20 times the electron temperature (i.e.,
~8 keV), we still got an optical depth ~2. And in that case, the inferred
microturbulence velocity will be much lower, since the observed line width
will be more attributed by thermal broadening.
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However, a large optical depth of RS does not necessarily
lead to the change of observed resonance line flux. It highly
depends on the geometry of the hot gas distributed in the
remnant and in what perspective we observe it. For example, if
we observe the resonance line emission from the whole region
of a spherically symmetric SNR, the RS will not make any
difference to the integral line flux. However, the surface
brightness distribution of the line may be modified, and the line
flux from a certain subregion of the remnant can be changed.
As shown by Y. Li et al. (2024) using Monte Carlo (MC)
simulations, for a spherically symmetric SNR with a Sedov—
Taylor gas distribution, if the optical depth is large enough, the
resonance line flux will be significantly suppressed at the outer
dense shell, but will be enhanced at the inner low-density
region of the remnant. On the other hand, an SNR with highly
asymmetric geometry, just like SN 1987A, may exhibit
abnormal resonance line flux due to RS effects, even if we
observe the integral spectrum from the whole remnant.

For a better understanding of the possible impact that RS
may have on the observed line flux, we performed an MC
simulation on the RS processes of O VII resonance line
emission in SN 1987A. The fundamental physics of RS and the
MC algorithm adopted in our simulation follow Y. Chen et al.
(2018) and Y. Li et al. (2024). We assumed a ring-like structure
for SN 1987A, picturing the dense ER. As demonstrated in
Figure 5, the geometry of the ring is characterized by an inner
radius R;, an outer radius R, and a height A. The inclination
angle 0 is defined as the angle between the ER plane and the
line of sight. Given the average radius of the ER as ~0.8 and
the average half-width as ~0.22 (e.g., J. L. Racusin et al.
2009), we adopted R; ~0'58 and R, ~1702, and assumed the
ring height as equal to its width, thereby h ~0.44. Other
parameters (including hydrogen density, O abundance, turbu-
lence velocity, temperature, and ionization parameter) were set
the same as above.

The MC simulation shows that the maximum optical depth
of the O VII resonance line along the line of sight, as a function
of the inclination angle, can reach ~1.7 when 6 = 0° (edge on)
and ~0.4 when # = 90° (face on). That means the photon
initially going along the equatorial plane will have a greater
chance of being scattered. Thereby, the line flux will be
suppressed along the equatorial plane, while it will be enhanced
in polar directions. As a result, the observed G-ratio can be
changed due to RS, depending on the inclination angle—
enhanced by a factor of ~1.13 at § = 0° while being
suppressed by a factor of ~0.95 at § = 90° (Figure 5). Given
the inclination angle of the ER as 6 ~ 47° (B. E. K. Sugerman
et al. 2005), the simulation results indicate that the O VII
G-ratio will be marginally suppressed by a factor of ~0.96.
Therefore, the observed enhancement of the G-ratio is unlikely
to be caused by RS effects.

Similar inferences also work for O VIII Ly« line flux and the
resulting Ly(/Lya ratio. Despite the absolute values being
different, the O VIII Ly« line flux will also be suppressed along
the equatorial plane while being enhanced in polar directions
under the assumption of a ring-like geometry of SN 1987A,
just like that for the O VII resonance line. At the inclination
angle of SN 1987A, we will expect a marginally enhanced O
VII Lya flux, which will result in a marginally suppressed
rather than enhanced O VIII Ly3/Lya ratio (RS has little effect
on O VIII Ly due to its small oscillator strength, as mentioned

Sun et al.
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Figure 5. Top: geometry setup adopted for the MC simulation of the RS effect
in SN 1987A. Middle: maximum RS optical depth as a function of the
inclination angle. Bottom: RS-modified G-ratio, relative to the value without
RS, as a function of inclination angle. The gray dashed line denotes the
inclination angle for the ER of SN 1987A (~47°).

above). Therefore, the observed enhancement of the O VIII
Lyf/Lya ratio is also unlikely to be due to RS effects.

4.4. Absorption of Foreground Hot Gas

The X-ray emission of SN 1987A may be subject to
absorption from the hot, ionized foreground gas, which has not
been considered by the tbvarabs model adopted in the DEM
analysis in L. Sun et al. (2025). We note that the underlying
physical mechanism here is actually the same as that in RS. As
described in Section 4.3, during the RS process, a photon is
initially absorbed by an appropriate ion and then promptly
reemitted in a random direction with roughly the same energy.
However, when RS occurs along the line of sight but outside
the emitting source, the effect of scattering is approximately



THE ASTROPHYSICAL JOURNAL, 981:120 (11pp), 2025 March 10 Sun et al.
Table 2

Gaussian Absorption Fitting Result
Obs. Date Age (Days) To v TO vin AC AAIC F-test p-value Significance®
2007 Jan 17 7267 0.76°9% 0.18 + 0.03 —-37.8 -29.8 25 x 10°° >4.50
2008 Jan 11 7627 0.48+2% 021 + 0.02 —49.4 —41.4 7.9 x 107° >50
2009 Jan 30 8012 0.53 £ 0.16 0.18%317 -233 —-153 6.5 x 107 >3.50
2009 Dec 11 8327 047 + 0.14 020 + 0.02 ~72.4 —64.4 1.1 x 107" >50
2010 Dec 12 8693 0.43 £+ 0.22 0.20 £+ 0.03 —48.3 —40.3 2.0 x 10°% >50
2011 Dec 2 9048 0.71 £ 0.29 0.08 £ 0.03 —17.84 —9.8 7.6 x 1073 >2.50
2012 Dec 11 9423 0.76 + 0.19 0 (<0.11) -10.8 —6.8 1.1 x 1072 >2.50
2014 Nov 29 10141 0.32 (<0.75) 0.185]8 —47 +3.3 0.45
2015 Nov 15 10492 0.74 + 053 0 (<0.04) —-11.9 -5.9 2.6 x 1072 >20
2016 Nov 2 10845 0.49 £ 0.22 0 (<0.13) 0.3 +3.7 0.91
2017 Oct 15 11192 0.76 (<1.47) 039754 —13.1 -5.1 3.7 x 1072 >20
2019 Nov 27 11964 0.73 (<1.22) 0.05 (<0.28) —1.2 +2.8 0.60
2020 Nov 24 12328 0 (<0.83) 0.367913 -89 —-0.9 0.11 >1.50
2021 Dec 28 12727 0 (<1.16) 0.11 (<0.18) —12.1 —6.1 2.5 x 1072 >20
Notes.

# Approximated from the F-test p-value, only for those with AAIC < 0.

equivalent to absorption. To differentiate from the RS process
occurring within the source, as discussed in Section 4.3, we
simply refer to it as “absorption” in this paper.

The resonant absorption of the O VI and O VIII resonance
lines may lead to high G-ratios and high Ly/Ly« ratios. Such
hot gas has been observed and constrained in the Galactic halo
from both emission (e.g., D. B. Henley & R. L. Shelton 2013;
M. Ueda et al. 2022; G. Ponti et al. 2023) and absorption (e.g.,
Q. D. Wang et al. 2005; Y. Yao et al. 2008; Y. Luo et al. 2018)
perspectives. Additionally, the hot phase ISM in the LMC (e.g.,
S. L. Snowden & R. Petre 1994; M. Sasaki et al. 2002) may
also contribute to the absorption column density.

We examined the absorption scenario by adding two
Gaussian absorption components (gabs) to the DEM model
adopted in L. Sun et al. (2025). We fixed the absorption line
centroids (0.5739 keV for the O VII Hea resonance line and
0.6535 keV for O vIII Ly« line) while leaving the line widths o
and the absorption strengths w free to vary (then the optical
depth at the line center is given by 7 = %).10 We found
considerable improvement in the C statistics (AC < —10) for
10 observations out of 14 after introducing the Gaussian
absorption components. Particularly, for the first five observa-
tions (taken from 2007 to 2011, when the O lines were around
their maximum fluxes), we got AC < —20. The obtained
optical depths and the AC are listed in Table 2.

In order to better evaluate and demonstrate the significance of
the added Gaussian absorption components, we further looked
into the Akaike information criterion (AIC; H. Akaike 1974)
values and performed an F-test for each observation. The AIC is
commonly used as a robust criterion to select the best model that
fits to data, where the model with a lower AIC value is preferred.
The AIC value can be calculated as

AIC = 2k — 2InL = 2k + C, )

where k is the number of free parameters, and L is the
likelihood of the model. In our case, a negative AAIC suggests
that the model with absorption lines offers a better fit to the

10 The optical depth of the foreground hot gas is not expected to be different
between different observations. However, since the X-ray flux of SN 1987A
keeps changing, we are unable to fix the absorption strength at the same value
for all the observations.

data. As listed in Table 2, we obtained AAIC < O for 11 out of
14 observations. Especially, all seven observations taken in
2007-2012 (when the O lines were around their maximum
luminosities) result in AAIC < 0, which prefers the hot gas
absorption scenario. In addition to the AIC, we performed an
F-test for each observation, and derived the p-value. We also
approximated the corresponding sigma levels based on the
p-values for reference. The F-test p-values, together with the
approximated sigma levels, are also listed in Table 2. We
obtained F-test p-values <0.05 for 10 of 14 observations,
which may approximately correspond to =2¢ significance. For
all seven observations taken in 2007-2012, we obtained
p-values <0.01. The F-test further strengthens the preference
of the hot gas absorption scenario. Furthermore, since the
spectral fitting and the uncertainty estimation were performed
in a Markov Chain Monte Carlo (MCMC) approach (running
by the XSPEC chain command, containing 100,000 effective
steps sampling with 40 walkers; for more information on the
MCMC simulation, please refer to L. Sun et al. 2025), we
produced and examined the MCMC corner plots of each fit.
Figure 6 provides an example of the corner plots, adopting the
fit to the 2009 January observation. As seen from the corner
plot (e.g., the one for the O VII resonance line), despite the
large scatterings of the probability distribution functions
(PDFs) of the absorption strength and the line width as well
as the potential degeneracy between them, the resulting PDF of
the optical depth has a relatively small scattering, indicating a
best-fit value significantly larger than zero.

Based on the fitting results of these observations, we
estimated the average optical depths as 7o vy ~0.6 for the O
VII Hea resonance line and 7 vy ~0.2 for the O VIII Ly line.
The resonant absorption optical depth is formulated as in
Equation (1). Assuming the H-like and He-like O ions share the
same ion temperature and turbulence velocity, the ion fraction
ratio between H-like and He-like O, £, o vi/fi.o vit (fi = ni/nz)
can be evaluated as

-1

fiovie _ (7Tovm Y Eovm \[ fovm
= . 3)

fov Tovn J\ Eovu J\ fovn
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Figure 6. An example of the MCMC corner plots for the two Gaussian absorption components (O VII resonance line on the left and O VIII Ly« on the right, adopted
from the fit to the 2009 January observation). The top-left and bottom-right panels show the PDFs of the absorption strength and the line width, respectively. The
bottom-left panel shows their two-dimensional PDFs. The top-right panel shows the PDF of the derived optical depth. The red dashed lines and red crosses denote the

best-fit values, while the pink dashed lines denote the 1o errors.

Taking the oscillator strengths of the O Hea resonance line and
Lya line as fo vy = 0.72 and fo vip = 0.42,'"" we got
fio vir/fio vir ~ 0.65. Assuming the hot gas is under the CIE
state, the H-like/He-like O ion fraction ratio gives an electron
temperature k7, ~ 0.15keV. This temperature is consistent
with the hot gas in the Galactic halo, for which other authors
found a temperature ~0.15-0.22keV (e.g., D. B. Henley &
R. L. Shelton 2013; M. Ueda et al. 2022; G. Ponti et al. 2023).
Assuming the ion temperature is equal to the electron
temperature and a turbulence velocity of 100kms ', we
further estimated the column density of the oxygen based on
Equation (1) as No ~ 0.5 x 10'°cm 2. The oxygen column
density we found is comparable with those suggested by
previous studies on Galactic halo X-ray absorption lines
(~1015—10160m*2; e.g., Q. D. Wang et al. 2005; Y. Yao
et al. 2008; Y. Luo et al. 2018).

Neglecting foreground hot gas absorption in previous studies
led to an underestimation of the O VII resonance line and O VIII
Lya line fluxes, and thus an overestimation of the intrinsic O
VI G-ratios and O VIII Ly3/Ly« ratios. By incorporating the
best-fit Gaussian absorption line components into the “nla-
pec + Gauss” model, as described in Section 3, we measured
the hot gas absorption-corrected O line fluxes. The intrinsic
G-ratios and Ly(3/Ly« ratios were then calculated and are
listed in Table 3. For most of the observations (especially those
with significant absorption line detections), we obtained
corrected O VII G-ratios in the range of 0.5-0.8 and corrected
O vl Ly3/Lya ratios in the range of 0.15-0.20. An intrinsic

1 The oscillator strengths of the two O Ly« lines are 0.28 for Ly,
(2p°P3; — 15°S, ;2) and 0.14 for Lya, (2p°Py /> — 15’S ). Given the Lya,
and Lyay, lines are rather close in energy, they are not absorbed separately —
photons from Lyc; or Lya, can be absorbed by either line. Therefore, we take
the sum of their oscillator strengths.

O VII G-ratio ~0.5-0.8 is consistent with the expectation of
NEI plasma with a temperature of ~0.3-1keV and an
jonization parameter of 10''-10"?cm™3s, as seen in
Section 4.1 and Figure 3. On the other hand, an intrinsic O
VIII Ly3/Lya ratio of ~0.15-0.20 seems to be still higher than
what we expect for NEI/CIE plasma. However, considering a
potential contribution of Fe XVIII F6 as (on average) ~25% to
the measured Ly( flux (see the discussions in Section 3), the
real LyS/Lya ratio could also be consistent with the NEI/CIE
plasma interpretation. Given the fact that the physical
parameters (e.g., temperature and ionization parameter) of the
hot plasma in SN 1987A keep varying, the intrinsic O line
fluxes and ratios are expected to vary as well. Specifically, as
shown in Figure 3, the intrinsic O VII G-ratio is expected to be
decreasing, while O vIII Ly3/Lya« is expected to be increasing
with an increasing average temperature. Also, we note that the
potential contribution of Fe XVIII F6 emission to the measured
O vin Lyg flux, and thus the measured Ly(/Lya ratio, is
expected to be increasing with increasing temperature.
However, due to the large uncertainties, we could not address
a significant time evolution trend of the measured intrinsic line
ratios.

Neglecting foreground hot gas absorption also led to an
underestimation of the O abundance in previous studies. For
the observations taken in 2007-2010 (with >3c detection of
the absorption components), the original DEM model gives O
abundances ranging from ~0.17-0.45, with an average value
of ~0.29 (L. Sun et al. 2025). After incorporating the
absorption components, the obtained best-fit O abundances
show an average increase of ~20%, ranging from ~0.22-0.53
with an average value of ~0.34. On the other hand, the N/O
ratio (by number of atoms) in this case is ~1.2, which is
consistent with the values obtained from optical studies (e.g.,
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Table 3
Hot Gas Absorption-corrected Line Ratios and O Abundances
Obs. Date Age G-ratio® LyS/Lya* o° o°
(Days) (This Work) (L. Sun et al. 2025)
2007 Jan 17 7267 0.53713 0.16 + 0.02 0.219 + 0.010 0.17759318
2008 Jan 11 7627 0.67 + 0.15 0.15 + 0.01 0328 + 0.014 0.249 + 0.017
2009 Jan 30 8012 0.77 + 0.15 0.18 + 0.01 0.279+9911 0.238+0:922
2009 Dec 11 8327 0.61 + 0.14 0.18 + 0.02 0.343 + 0.012 0.3247031%
2010 Dec 12 8693 0.63+017 0.18 + 0.02 0.538 + 0.022 0.450793%
2011 Dec 2 9048 071 + 0.17 021 + 0.02 0.343 £ 0.015 0.28379%1
2012 Dec 11 9423 0.647013 0.23 £ 0.02 0.383 + 0.010 0.36879972
2014 Nov 29 10141 0.79 + 022 0.19 + 0.02 0.440 + 0.022 0.37373%41
2015 Nov 15 10492 0.57 + 0.25 0.20 + 0.03 0.269 + 0.007 0.336 5931
2016 Nov 2 10845 0.47+922 021 + 0.03 0.253 + 0.010 0.239192
2017 Oct 15 11192 0.69 + 0.26 0.20 + 0.02 02557918 0.19070:9%3
2019 Nov 27 11964 0.76(<1.55) 0.26 + 0.06 0.40673%1 0.3967 438
2020 Nov 24 12328 029103 0.15 + 0.03 0.350 + 0.020 0.268+094
2021 Dec 28 12727 0.76(<1.64) 0.18 + 0.04 0.189+3943 0.182+9933
Notes.

4 Hot gas absorption-corrected (i.e., intrinsic) line ratios.
® O abundance in units of solar abundance (J. Wilms et al. 2000).

~1.1-1.5; P. Lundqvist & C. Fransson 1996; S. Mattila et al.
2010).

5. Conclusion

In this work, we took a further look into the residuals left in
the DEM modeling of SN 1987A by L. Sun et al. (2025),
focusing on the O lines. We revised and updated the O line
fluxes on the basis of L. Sun et al. (2021). We found a high O
VI G-ratio 221 and a high O vill Ly3/Lya ratio 20.2 in SN
1987A. In order to explore their physical origin, we performed
a detailed investigation into four possible scenarios, i.e., NEI
effects, CX, RS, and hot gas absorption. Neither NEI, CX, or
RS can fully explain the observed O line ratios, while the
spectral fitting can be considerably improved by adding two
Gaussian absorption components at the O VII resonance
line and O VIII Ly« line. We obtained the optical depths as
7o vit ~ 0.6 for the O VII resonance line and 7q vy ~ 0.2
for the O vIII Ly« line. The estimated temperature (k7. ~
0.15keV) and column density (No ~ 0.5 x 10'®cm™?) of the
absorbing gas is consistent with the hot Galactic X-ray halo.
We suggest, therefore, that the high G-ratio and Ly(/Ly« ratio
in SN 1987A are most likely caused by the absorption of
the foreground hot gas. The O abundance of SN 1987A might
be underestimated in previous studies due to neglecting the
foreground hot gas absorption. We found an average increase
of ~20% in the best-fit O abundances after adding the
absorption components, which leads to an N/O ratio ~1.2
(by number of atoms).

However, we note that, while hot gas absorption is likely
playing the major role, all the possible mechanisms mentioned
above may simultaneously contribute to the modification of the
line ratios. We also note that a few LMC SNRs have already
been found to exhibit unusual O line ratios, such as DEM L71
(K. J. van der Heyden et al. 2003), N49 (Y. Amano et al. 2020),
N132D (H. Suzuki et al. 2020), and J0453.6—6829 (Y. Kosh-
iba et al. 2022). Even though for most of them the abnormal
line ratios have been attributed to CX or RS effects, the
absorption of the hot Galactic halo gas may contribute as well.
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In the near future, spatially resolved high-resolution X-ray
spectroscopic studies with, e.g., XRISM, HUBS, and the Line
Emission Mapper, may help to better constrain the contribu-
tions of CX, RS, and hot gas absorption in these remnants.
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